During the past 30 years considerable effort has been devoted to the study of biodeterioration of plastic formulations and components (7) . Only in recent years has increasing emphasis on environmental compatibility focused attention on the development ofbiodegradable chemical products for those applications in which small quantities may inadvertently be introduced into the environment. Plasticizers represent such compounds.
Adipic acid esters are an important class of plasticizers for polyvinyl chloride, particularly for low-temperature applications. Adipic acid polyesters have found application in food wrap and blood bags because of their low toxicity and low extractability. A toxicological study of a butylene glycol adipic acid polyester has been reported by Fancher et al. (5) , and the recent paper of Singh et al. (11) provides a compilation of the diester studies. Biodegradability information has been largely limited to that obtained from biodeterioration studies employing yeast and fungi. Berk et al. (2) , in their comprehensive study of plasticizer utilization by fungi, found that adipic acid diesters containing 12 or more carbons (dipropyl and above) supported fungal growth. Similar utilization of polyesters was reported by Darby and Kaplan (4) and Potts et al. (9) . The ability of yeast cultures to utilize adipic acid esters was demonstrated by Osmon et al. (8) .
In this paper two different measures of biodegradation of adipic acid esters by activated sludge microorganisms are described. Primary biodegradability, the disappearance of the analytical response for the original material, was determined by a semicontinuous, activated sludge (SCAS) procedure. Ultimate biodegradability, conversion of the material to carbon dioxide, water, inorganic salts, and normal metabolic products, was determined by carbon dioxide evolution procedures. Data are presented for four adipic acid esters: di-n-hexyl adipate (DHA), di(2-ethylhexyl) adipate (DEHA), di(heptyl, nonyl) adipate (SANTI-CIZER 97A; Monsanto Co., St. Louis, Mo.), and a 1,3-butyleneglycol adipic acid polyester (SANTICIZER 334F).
MATERIALS AND METHODS Materials. The adipic acid esters studied were all commercial-grade materials prepared by Monsanto Co. Nutrient broth and dextrose were obtained from Difco Laboratories, Detroit, Mich., and yeast extract was from Fisher Scientific Co., Fair Lawn, N.J. Inorganic reagents were analytical reagentgrade materials. Pesticide-grade hexane (Fisher Scientific Co.) was employed for all extractions, and absolute ethanol was utilized as a solvent carrier for ester additions to the activated sludge.
SCAS procedure. SCAS studies were carried out by a procedure described previously (12) with suggested feed . (13) in magnetically stirred 1.5-liter glass vessels. Activated sludge was obtained from a local domestic sewage treatment plant.
Acclimation of the activated sludge was carried out by an incremental feeding schedule for each unit during the first 3 weeks (1, 3, and 5 mg per 24-h cycle). After the acclimation period, primary biodegradation rates of the diesters were determined each weak by analyzing 50-ml liquor samples withdrawn after feeding and at the end of the aeration cycle. Degradation was measured initially at a feed level of 5 mg (3.3 mg/liter), and then this level was increased to 20 mg (13.3 mg/liter).
SCAS mixed liquor analytical procedure. The SCAS analytical procedure consisted of extraction of mixed liquor samples with three successive 25-ml portions of hexane, drying combined extracts with anhydrous sodium sulfate, concentration in a Kuderna-Danish evaporative concentrator to a final volume of 5 ml, and measurement of the concentrated extracts by flame-ionization gas chromatography. A Hewlett-Packard 5750 gas chromatograph with dual flame-ionization detectors was used. Glass columns (2 m by 4 mm ID) packed with 4% OV-17 on 80-to 100-mesh Chromosorb W-HP were used at a temperature of 205 C for DHA and 220 C for DEHA and at a temperature program from 200 to 250 C at 15 C/min with a 12-min hold at 250 C for SANTI-CIZER 97A. Recovery of each ester from the activated sludge was demonstrated by adding the ester at three levels (2, 4, and 6 mg/liter) in duplicate to mixed liquor samples from a blank SCAS unit. The blank unit was maintained on synthetic sewage without the addition of any test material. The average recoveries were: SANTICIZER 97A, 88 + 4%; DHA, 90 + 4%; and DEHA, 91 -+-4%. To determine volatility losses, off-gases from each unit were passed through a train of three hexane scrubbers during a complete cycle. No significant (<0.5%) volatility losses were observed. Primary biodegradation rates were not determined for SANTICIZER 334F because of the lack of an applicable analytical method.
Carbon dioxide evolution procedures. Carbon dioxide evolution studies were carried out by the Sturm modification (14) of the Thompson and Duthie procedure (15) (T-D-S) and a shake flask system similar to that described by Gledhill (6) . The seed for both systems was prepared by a 14-day die-away procedure (3). A 2-liter flask containing 20 mg oftest material, 50 mg of yeast extract, 100 ml of settled SCAS supernatant, and 900 ml of standard biological oxygen demand (BOD) dilution water (1) was prepared for each material and stored in the dark under static conditions. For the diesters, settled SCAS supernatant from a blank unit was employed in the seed preparation, whereas a SANTICIZER 334F-acclimated unit provided the supernatant for the polyester seed. At the end of 14 days, the seed solutions for each material in the same test series were mixed to form a "composite seed." The composite seed was then used in the T-D-S and shake flask tests.
In the T-D-S tests, a 9-liter bottle containing 500 ml of composite seed and 5,500 ml of BOD water was prepared for each test material and a control. Except for the control bottle, each bottle received a weighed quantity (approximately 120 mg) of the appropriate test material. The bottles were connected to a source of CO2-free air, and the effluent air (50 ml/min) from each passed through a set of three CO2 scrubbers, each containing 100 ml of 0.05 N Ba(OH)2. The evolved CO2 was trapped as barium carbonate and quantitated by titration of the remaining Ba(OH)2 with 0.1 N HCl. CO2 values obtained from the control were subtracted from those obtained for the test material.
In the shake flask test, 100 ml of composite seed was mixed with 400 ml of standard BOD dilution water in fluted 2-liter Erlenmeyer flasks. A weighed quantity (approximately 15 mg) of the appropriate test material was added to each flask except for the control. After the medium was aerated with 70% oxygen in nitrogen, a reservoir containing 10 ml of 0.1 N Ba(OH)2 was suspended by glass tubing inserted in a rubber stopper. Provisions for removal and addition of the Ba(OH)2 solution, aeration, and sampling were provided. After being sealed, the flasks were agitated on a rotary shaker (Lab-Line model 3590) at 80 rpm in the dark at ambient temperature. Periodic removal and titration of the Ba(OH)2 solution were used to determined the CO2 evolved. Fresh Ba(OH)2 solution was added at each sampling point and the flask was sparged with 70% oxygen. CO2 evolution values obtained with the control were subtracted from values for test materials.
To determine the ultimate biodegradability of a material, the carbon dioxide produced during an experiment was compared to the theoretical yield based on the carbon composition and weight of the material. The following carbon compositions were determined with a Perkin-Elmer model 240 elemental analyzer: SANTICIZER 97A, 71.90%; DHA, 68.48%; DEHA, 71.25%; SANTICIZER 334F, 64.05%. For dextrose, a calculated value of 40.00% was employed.
RESULTS
The primary degradation rat9s obtained in the SCAS tests for the three diesters are summarized in Table 1 . The most rapid degradation was observed for DHA. Only slight decreases in rate were observed for DHA and DEHA when the feed level was increased from 5 to 20 mg. The lower rate observed for SANTICIZER 97A at the 5-mg compared to the 20-mg level may be due, in part, to the greater degree of scatter in the 5-mg analytical data. The degree of acclimation may also be a factor. For comparison, the primary degradation rate of linear alkylbenzene sulfonate (dodecene-1 derived) under the same test conditions has been reported to be 99+% at the 20-mg addition rate (10) .
The CO2 evolution procedures were employed to determine the biodegradability of SANTI-CIZER 334F and also to establish that the disappearance of the diesters in the SCAS tests represented complete biodegradation to CO2 and water. In Table 2 of the smaller quantities of test material employed, the CO, correction in the shake flask procedure is somewhat larger (10 to 24%). The CO2 evolution obtained by the shake flask test compared to the T-D-S test is, in general, about 10% lower at the end of the test. Since the composite seed for both the T-D-S and shake flask tests was essentially the same, differences in the microbial population do not appear to be significant. The higher initial ester concentration in the shake flask system may be a factor. The degree of agitation and the oxygen tension also differ for the two techniques.
In Fig. 1 SCAS and CO.> evolution tests, respectively, suggests that mixed microbial populations in the environment will rapidly degrade the adipic acid esters. The relative ease with which these materials are utilized by yeast and fungi (2, 4, 8, 9 ) supports this conclusion.
